Glycyl-tRNA synthetase (GlyRS) is the enzyme that covalently links glycine to cognate tRNA for translation. It is of great research interest because of its nonconserved quaternary structures, unique species-specific aminoacylation properties, and noncanonical functions in neurological diseases, but none of these is fully understood. We report two crystal structures of human GlyRS variants, in the free form and in complex with tRNA Gly respectively, and reveal new aspects of the glycylation mechanism. We discover that insertion 3 differs considerably in conformation in catalysis and that it acts like a "switch" and fully opens to allow tRNA to bind in a cross-subunit fashion. The flexibility of the protein is supported by molecular dynamics simulation, as well as enzymatic activity assays. The biophysical and biochemical studies suggest that human GlyRS may utilize its flexibility for both the traditional function (regulate tRNA binding) and alternative functions (roles in diseases).
Aminoacyl-tRNA synthetases (aaRSs) 2 play essential roles in mediating genetic information transfer from mRNAs to proteins and attach amino acids to their cognate tRNA molecules in a two-step reaction. In the first step of the reaction, the enzymes catalyze the condensation between ATP and the specific amino acid to generate an aminoacyl-adenylate intermediate. In the second, they transfer the activated amino acid to the acceptor stem of cognate tRNA to form the product aminoacyl-tRNA. The 20 aaRSs can be grouped into two distinct classes based of the conservation of primary sequences and quaternary structures (1) (2) (3) (4) (5) (6) (7) . Glycyl-tRNA synthetase (GlyRS) is a class II enzyme and possesses three conserved signature motifs at the active site. However, different from other aaRSs, the quaternary structures of GlyRSs are not conserved phylogenetically. Two oligomeric forms have been discovered in nature: whereas eukaryotic and archaeal GlyRSs form ␣2 homodimers and belong to subclass IIa, their eubacterial counterparts form ␣2␤2 heterotetramers and belong to subclass IIc (8 -13) . No significant sequence homology can be found between the two subtypes. In addition to the sequence and structure diversity, studies also show that GlyRSs only aminoacylate tRNA molecules within their own kingdoms, and crossspecies glycylation is rare. This phenomenon may be attributed to the distinct discriminator base at position 73. In eukaryotes, it is an adenosine that precedes the 3Ј-CCA end, whereas in prokaryotes, a uridine is present (9, 11, 14, 15) . Therefore, the tRNA recognition mode is an interesting problem, but it is poorly understood.
The human GlyRS (hGlyRS) is a class IIa synthetase and forms a homodimer using motif 1. Motifs 2 and 3, on the other hand, are responsible for recognizing the substrates glycine and ATP. Additionally, hGlyRS features an N-terminal WHEP-TRS domain, as well as several insertion domains named insertions 1-3 (9, 16) , most of which are flexible in structure (17) . Recent studies have shown that aaRSs have developed functions other than aminoacylation, such as angiogenesis (18) , neural development (19, 20) , and immune response (21) , etc. In the last two decades, missense mutations of GARS (the gene encoding hGlyRS) were found to be associated with Charcot-Marie-Tooth disease (CMT) subtype 2D. CMT is one of the most commonly inherited neurological disorders of the peripheral nervous system (22, 23) , manifested by progressive distal muscle weakness and atrophy or hand and foot deformities. CMT is usually caused by inherited or de novo mutations in genes related to the structures and functions of myelin sheath or axon (24) . Based on the nerve conduction velocity, CMT can be roughly divided into the CMT1 subtype with demyelinating and reduced nerve conduction velocities, the CMT2 subtype with axonal and moderately reduced or normal nerve conduction velocities, and the intermediate subtypes, respectively (25, 26) . Subtypes are further classified according to the inheritance patterns and gene mutations, and more than 50 genes are implicated in various subtypes (24, 27) . CMT subtype 2D begins after young adulthood and causes more severe symptoms in hand than foot (28) . To date, a combined 15 missense mutations (S581L is excluded because of its suspicious role in the CMT disease (29) ) have been discovered in human and mouse GARS (19, 30 -36) , but the disease mechanism is not clear.
We have previously solved two cocrystal structures of hGlyRS bound with tRNA Gly in the presence of glycine and an ATP analog and identified critical elements involved in enzyme-tRNA interactions. In addition, we proposed a working model for the aminoacylation reaction of hGlyRS that greatly contributes to the understanding of its catalytic mechanism (37) . However, in both structures we reported, insertions 1 and 3 are mostly unstructured. Insertion 1 (Ala 145 -Asn 225 ) is located between motifs 1 and 2, and it was proposed to bind to the minor groove of 3Ј-end of tRNA (38) ; insertions 2 (Asp 307 -Asn 348 ) and 3 (Val 440 -Val 504 ) are only found in eukaryotic GlyRSs, and their functions are not fully understood (17) . Because of the disorder, the roles of the insertions 1 and 3 are uncertain in catalysis, although we speculated that they are responsible for the binding to different regions of tRNA (37) . Here, we report two new crystal structures with improved resolution, with or without the tRNA substrate. We resolved the entire insertion 3 in both structures, as well as partial insertion 1 in the tRNA-bound complex. Insertion 3 acts like a conformational "switch" to control the binding of tRNA, and it is absolutely critical to aminoacylation. The structural information presented here allows for a better understanding of hGlyRS catalysis and provides new insight into the enzyme mechanism of eukaryotic GlyRSs.
Experimental Procedures
Cloning, Expression, and Purification of hGlyRS and Mutants-hGlyRS (accession no. BAA06338) contains 739 residues, and its first 54 residues encode a mitochondria localization signal peptide. The cytosolic portion of hGlyRS (designated as WTFL, including residues 56 -739) was amplified from the HeLa cell line cDNA library and ligated into pET-21b (ϩ) vector (EMD Biosciences) using the restriction sites NdeI and XhoI. The WHEP-TRS domain-truncated form of WT GlyRS (WTSF, where "SF" represents "short form") was amplified and subcloned with the same restriction sites, containing 637 residues (residues 114 -739 plus the cloning sites). The apo form of full-length E71G (E71GFL) was generated by the QuikChange method (Stratagene) using WTFL as the template, whereas the WHEP-TRS-truncated form of the E71G/C157R double mutant (E71G/C157RSF) and the mutants for activity assays were produced by QuikChange PCRs using WTSF as the template. Mutants with multiple mutations in WTSF were created by consecutive QuikChange PCRs. The primers used in this study are listed in Table 1 .
The expression and purification of GlyRS and mutants is the same as the protocol described by Qin et al. (37) . All the purified mutants displayed a symmetrical peak on the size exclusion column, suggesting that they were well folded.
Crystallization, Data Collection, and Structure Determination-E71GFL was crystallized in 13-15% PEG 6000, 0.1 M sodium citrate buffer (pH 5.5), and 0.1 M NaCl. For crystallization of the tRNA-bound complex, E71G/C157RSF was mixed with tRNA Gly in 1:1.2 molar ratio in a buffer with 4 mM glycine, 4 mM adenosine 5-(␤,␥-imido) triphosphate (AMPPNP), 5 mM
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␤-mercaptoethanol, and 5 mM MgCl 2 . The complex was incubated on ice for 30 min and filtered before crystallization. Cocrystals were found in 27% PEG 6000, 0.1 M NaCl, 0.1 M MES (pH 6.5). After optimization, the best crystals were produced by mixing the sample of the complex, reservoir solution, and the additive E9 from the Silver Bullets screen (39) containing 0.2% (w/v) 4-diaminobutane, 0.2% (w/v) cystamine dihydrochloride, 0.2% (w/v) diloxanide furoate, 0.2% (w/v) sarcosine, 0.2% (w/v) spermine, 0.02 M HEPES sodium (pH 6.8) in a 2:1:1 ratio (v/v). All crystals were grown at 25°C, and the fully grown crystals were soaked for 1-3 min in a cryoprotective solution containing all the components of the reservoir solution plus 20% (v/v) glycerol. The soaked crystals were mounted on a nylon loop and flash frozen in liquid nitrogen. Native data of both forms of crystals were collected at Ϫ173°C using Beamline 17U at the Shanghai Synchrotron Radiation Facility (Shanghai, China). The data were processed with the programs HKL 2000 (40) . The space group of the E71G/C157RSF-tRNA Gly -AMPPNP cocrystals belongs to P2 1 2 1 2 with a diffracting resolution of 2.90 Å, whereas that of E71GFL belongs to P4 3 2 1 2 with 2.75 Å resolution. The structures of E71GFL and the E71G/C157RSF-tRNA Gly -AMPPNP complex were solved by molecular replacement, using Phenix (41) with structures of the free WT GlyRS and of the E71GSF-tRNA Gly -AMPPNP-glycine complex as the search probes, respectively (Protein Data Bank codes 2PME and 4KR2) (17, 37) . The initial models generated by molecular replacement were manually built with the program coot (42) . Extra densities of insertion 3 were evident in both structures, and they were built manually according to the maps. The rebuilt models were refined with the program phenix.refine (43) . Multiple cycles of refinement alternates with model rebuilding. The final R factors (R work /R free ) were 0.214 and 0.265 for the E71G/C157RSF-tRNA Gly -AMPPNP complex and 0.21 and 0.255 for E71GFL ( Table 2 ). The Ramachandran plots of the final models have 91.7, 6.55, and 1.75% residues in the most favorable, generously allowed, and disallowed regions for the E71G/C157RSF-tRNA Gly -AMPPNP complex and 94.89, 4.44, and 0.67% residues in the most favorable, generously allowed, and disallowed regions for the apoenzyme, respectively. The data collection and refinement statistics are listed in Table 2 . The atomic coordinates and structure factors have been deposited in the Protein Data Bank with the accession codes 4KQE (apoprotein) and 4QEI (the tRNA-bound complex), respectively. The structural figures were created with PyMOL, and the domain architecture was prepared with DOG (44) .
Aminoacylation Assay-The assay mixture contains 150 mM HEPES (pH 7.5), 20 mM KCl, 4 mM MgCl 2 , 2 mM DTT, 3 mM ATP, 20 M L-glycine, 2 M L-[ 3 H]glycine, and 5 M annealed tRNA Gly(CCC) . 25 nM WTSF or mutants were added to initiate the reaction. The reaction was carried out at ambient temperature, and aliquots were removed at designated time points, spotted onto TCA-soaked filter pads, washed twice with cold 5% trichloroacetic acid, and washed twice with 95% ethanol. The filter pads were dried and measured by scintillation counting.
For the oxidation-reduction experiments, no reducing agent was added during the protein purification process. The protein oxidation was carried out by incubation of the enzyme or cys-teine to alanine mutants with 1 mM oxidized glutathione for 1 h, whereas the reduction was carried out by treatment of the proteins with 10 mM DTT for 12 h after dialyzing away the extra oxidized glutathione. Then activity assays were performed with the above procedure, except the enzyme concentration was increased to 50 nM.
RNA Transcription and Labeling-The protocol for in vitro transcription of the tRNA substrates follows the same procedure as described previously (37) . For 5Ј-end radiolabeling of tRNA, 0.5 g of tRNA Gly(CCC) was incubated in a 30-l reaction mixture consisting of 1ϫ T4 polynucleotide kinase buffer, 1 l of [␥-32 P]ATP (6,000 Ci/mmol, 1.7 M; PerkinElmer Life Sciences), and 1 l of T4 polynucleotide kinase (10 units/l; Thermo Scientific). The reaction was incubated at 37°C for 30 min. The labeled product was cleaned with a Zymo-Spin IC Column (Zymo Research) and eluted with 60 l of TE buffer (20 mM Tris-HCl (pH 8.0) and 1 mM EDTA) containing 20 mM Tris-HCl (pH 8.0) and 1 mM EDTA.
Electrophoretic Mobility Shift Assay-To calculate approximate K d values between hGlyRS and tRNA, 1 l of 5Ј-labeled tRNA Gly(CCC) (Ͼ5 ϫ 10 3 cpm) was incubated with various concentrations of purified WT GlyRS or mutants (0.5-16 M). The protein-tRNA complexes were formed in 15 l of a binding buffer containing 40 mM Tris-HCl (pH 8.0), 40 mM KCl, 20 mM MgCl 2 , 2 mM glycine, 2 mM AMPPNP, and 2 mM DTT for 30 min at 25°C before being loaded into 6% native polyacrylamide gels (pH 8.5). The gel was run at 4°C at 14.0 V/cm after a prerun for 1 h, with a running buffer of 40 mM Tris acetate (pH 8.5). The samples of complexes were mixed in equal volumes with a sample buffer of 6% glycerol and 0.1% bromphenol blue. After electrophoresis, the gel was removed from the apparatus, wrapped in Saran Wrap, and exposed to a phosphorimaging plate overnight. The plate was scanned with a Typhoon scanner (GE Healthcare), and the resulting band intensities were quantified using the software ImageJ. The approximate K d values were derived from the equation tRNA bound /tRNA total ϭ [protein]/(K d ϩ [protein]). Inorganic Pyrophosphate Exchange Assay-A typical reaction mixture contained 50 mM HEPES (pH 7.5), 10 mM MgCl 2 , 150 mM KCl, 2 mM DTT, 1 mM ATP, 4 M [ 32 P]pyrophosphate (91 mCi/ml; PerkinElmer Life Sciences), and 1 mM glycine. The reactions were initiated by the addition of the enzyme or mutants at 100 nM, and aliquots were taken at different time points and spotted on a cellulose polyethyleneimine TLC plate (Merck Millipore). The spots were 2 cm from the bottom of the plate and 1 cm apart, and the plates were developed in 750 mM KH 2 PO 4 and 4 M urea for 40 min at 25°C in a glass jar. Then the TLC plates were exposed to a phosphorimaging plate for 50 min. The plate was scanned with a Typhoon scanner (GE Healthcare), and the intensity of the resulting bands was quantified using the software ImageJ. The fractions of ATP were calculated from the ATP/(ATP ϩ PPi) ratios. All time points were performed in duplicate.
Molecular Dynamics (MD) Simulations-Simulations were performed with a parallel implementation of the GROMACS package (45), version 4.5.5, using the Charmm force field (46) . The complex was solvated in a rhombic dodecahedron box of 52,566 TIP3P water molecules (47) with periodic boundary condition. The minimum distance between the solute and the box boundary was set to be 12 Å. The energy of the system (protein and waters) was minimized by the steepest descent method, until the maximum force was smaller than 2000 kJ*mol Ϫ1 nm Ϫ1 . 159 Na ϩ and 151 Cl Ϫ ions were added to neutralize the system and created an ionic concentration of 0.15 M. The system was subjected to energy minimization again employing the steepest descent and conjugate gradient algorithm, respectively, until the maximum force on any atom was smaller than 220 kJ*mol Ϫ1 nm Ϫ1 . A 100-ps equilibration simulation run with positional restraint was firstly performed, using a force constant of 1000 kJ*mol Ϫ1 nm Ϫ2 . Initial atomic velocities were generated according to a Maxwell distribution at 310 K. The production MD was run for 20 ns using the Verlet integration scheme (48) with a time step of 2 fs and the NPT condition (49) . The pressure was kept to 1 bar with a relaxation time of 0.5 ps, and the compressibility was 4.5*10 Ϫ5 bar Ϫ1 . Protein, solvent, and ions were coupled separately to a temperature bath of 310 K by using a velocity rescaling thermostat (50), with a relaxation time of 0.1 ps. Covalent bonds were constrained using the LINCS algorithm (51), whereas the cutoff distances for the Coulomb and van der Waals interactions were set to be 0.9 and 1.4 nm, respectively. The long range electrostatic interactions were treated by the Particle Mesh Ewald (PME) algorithm (52), with a tolerance of 10 Ϫ5 and an interpolation order of 4. Structure visualization was performed with VMD (53).
Results
Two Distinct States of hGlyRS with or without the tRNA Substrate-We have previously solved the cocrystal structure of the E71GSF-tRNA Gly -AMPPNP-glycine complex. E71G is a CMT-causing mutation located adjacently to the WHEP-TRS domain, with slightly elevated aminoacylation activity over WT. From our modeling studies, it possibly forms a more stable complex than WT, and this prediction was confirmed by better electron density map and moderately improved diffraction resolution of E71G cocrystal structure over WT (37) . The two structures that we present in this work are still based on this variant: the full-length version of E71G (E71GFL) and the E71G/C157R double mutant. C157R is another CMT variant, and mutation of this insertion 1 residue causes grip strength deficit in mice (54) . Our modeling studies have shown that C157 is close to tRNA 5Ј terminus, and consequently the mutant presumably attracts the negatively charged tRNA. We therefore created the E71G/C157R double mutant for crystallization of the tRNA-bound complex. By incorporating a second mutation with a similar effect, we would expect a more stable enzyme-tRNA complex. The structural findings from the two structures are described below.
The space group of the full-length apoenzyme E71GFL belongs to P4 3 2 1 2 , and each asymmetric unit contains a monomer (Protein Data Bank code 4KQE). The biological homodimer is generated from the monomer in the asymmetric unit by a crystallographic 2-fold axis. The crystals were grown in a similar condition to the full-length WT protein, with a slightly higher concentration of PEG 6000 and a lower pH (pH 5.5 versus 6.5). The polypeptide in the final model is visible from Ile 64 to Gly 674 , except for the two short internal disordered regions of Met 383 -Ala 387 and Thr 510 -Tyr 512 . The N terminus including the WHEP-TRS domain (Leu 13 -Asp 63 ), and the 17 residues at the C terminus, including the His 6 tag, are disordered (Fig.  1A) .
The catalytic domain (Ile 64 -Val 556 ) is formed by eight mixed ␤-strands surrounded by ␣-helices on both sides. The C-terminal anticodon binding domain (Val 556 -Lys 680 ) displays the typical ␣/␤ fold shared by class IIa synthetases (Fig. 1B) . The protein structure closely resembles WT (Protein Data Bank code 2PME), and their RMSD is 0.7 Å (over 519 C␣s). The most apparent difference is the ordering of insertion 3 in the current structure (Fig. 1C) . A ␤-hairpin structure in newly resolved insertion 3 (␤17 and ␤18) packs against three small ␣-helices (␣14 -␣16), and the ends of insertion 3 are capped by another pair of antiparallel ␤-strands (␤17 and ␤20) ( Fig. 1D) . Judging from the structure, it is more reasonable to redefine insertion 3 as the Ala 428 -Val 516 fragment. The newer version is slightly longer than the previous one (Val 440 -Val 504 ) (9) and includes the ␤17-␤20 hairpin structure. Additionally, insertion 3 appears to be "hollow" on the inside, suggesting a more loosely packed structure with high flexibility (Fig. 1B) . We also, for the first time, observed the CMT-related residue Asp 500 (34) , which is located on the loop ␤19-␤20 and is exposed to the solvent.
To further explore the mechanism of protein dynamics, we crystallized the complex of the double mutant E71G/C157RSF bound with tRNA Gly in the presence of glycine and an ATP analog inhibitor AMPPNP. The E71G/C157RSF complex crystals grew in a similar condition to that of the E71GSF complex (37) but did produce a structure with a better resolution (2.9 Å; Protein Data Bank code 4QEI). For crystallization purposes, the flexible WHEP-TRS domain was not included during cloning. In the refined model, we resolved Ile 64 -Leu 171 , Gln 198 -Asn 206 , Phe 224 -Glu 380 , Asp 389 -Thr 490 , and Gln 496 -Lys 680 fragments of the protein and the entire tRNA substrate except for the last four nucleotides at the 3Ј terminus. Additionally, the final model contains one AMP (coming from AMP-PNP) and 33 water molecules ( Table 2) . Insertion 3 is visible and the catalytic region in the complex is highly similar to that of apoprotein or E71GFL ( Fig. 2A ). However, insertions 1 and 3 undergo large conformational changes and extend to the solvent. The protein in the complex adopts a fully "open" confor-mation, making a shape of a hand. Insertion 3 (the "fingers" domain) is almost completely structured and retains a similar fold as observed in E71GFL. The original broken loops in insertion 3 of E71GFL (Pro 435 -Val 441 and Thr 510 -Tyr 512 ) reorder and extend the original ␤17-␤18 hairpin to form two long, remarkable antiparallel ␤-strands. Insertion 1 (the "thumb" domain) becomes partially disordered (two helices are resolved in this region) because of the hindrance with tRNA 3Ј-end. In our previously reported cocrystal structures with tRNA Gly , both insertions are disordered (37) . Modeling studies indicate that insertion 3 from the other subunit would block the FIGURE 1. Overall structures of E71GFL and insertion 3. A, the GlyRS domain architecture without the N-terminal mitochondria localization signal. The catalytic domain (colored blue) contains three insertions (Ins1-3, colored magenta, green, and red, respectively) and three signature motifs (motifs 1-3, colored hot pink, yellow, and wheat, respectively). The anticodon binding domain (ACBD) is shown in cyan, and WHEP-TRS domain is shown in gray. The blue arrows indicate the positions of the two mutations in sequence, whereas the red arrows designate the start site of the two GlyRS constructs used in this work. B, ribbon representation of the closed conformation of the E71GFL apoenzyme. The color scheme is as in Fig. 1A . The disordered WHEP-TRS domain is modeled in and circled by the broken gray oval. The positions of CMT-causing residues Gly 71 and other four residues falling into insertions 1 and 3 (Asp 146 , Ser 211 , Asp 500 , and Cys 157 ) are indicated and labeled in the structure. C, structure comparison of the WT enzyme (yellow) and E71GFL (color scheme as in A). The resolved insertion 3 in E71GFL is noted by the red oval. D, the color-coded secondary structure of E71GFL. The ␣-helices, ␤-sheets, and ␤-hairpins are denoted as ␣, ␤, and , respectively. Fig. 1A , whereas the other subunit is colored gray. C, the overlay of the structure of apo E71GFL and E71G/C157RSF-tRNA Gly -AMPPNP complex. Although the AD domains superimpose well, both insertions show large displacements upon tRNA binding as indicated by the red arrows. The two insertions are circled. D, the structure superposition of E71G/C157RSF-tRNA Gly -AMPPNP complex (Protein Data Bank code 4QEI), GlyRS-GlySA complex (Protein Data Bank code 2ZT8, purple), and E71GSF-tRNA Gly -AMPPNP-glycine complex (Protein Data Bank code 4KR3, cyan). The AMPPNP moiety in all three structures superpose well. entrance of the incoming tRNA molecule. In the current structure, insertion 3 is detached from the catalytic domain (the "palm" domain) and reaches out to the solvent. After we regenerated the biological dimer using the 2-fold axis, we found that tRNA fits well in the "grasp" of insertion 3, and the protein and RNA form a complex in 2:2 stoichiometry (Fig. 2B ). Structure comparison of the protein in the presence and absence of tRNA indicates that the two domains experience large conformational changes (Fig. 2C) . In contrast, the rest part of the complex including the tRNA molecule nearly resembles the E71GSF-tRNA-AMPPNP-glycine structure published elsewhere (37) and will not be further discussed. However, in the active site, only the density of AMP is found. The interactions with AMP are conserved and the position are almost identical to the AMP moiety in the E71GSF-tRNA-AMPPNP-glycine complex structure ( Fig. 2D) (37, 55) . The density of glycine on the other hand is not evident and not modeled.
The Flexibility of Insertions 1 and 3 by MD Simulations-Insertions 1 and 3 are two highly mobile domains as suggested by our crystal structures, and we next performed MD Simulations on the free E71GFL structure to analyze the flexibility of both domains. After analyzing the 20-ns simulation trajectory, we obtained some conformations that were between the two crystal structures (the apo-and tRNA-bound forms). Among these conformations, we found that two regions, residues Ala 428 -Val 516 and residues Ala 145 -Asn 225 , display larger flexibility than others in the apoprotein, which match well the definitions of two insertions in our structure. Ala 428 -Val 516 (insertion 3) constantly "wander" from its equilibrium position, with an average RMSD 6.3 Å and the largest one 10.8 Å. Ala 145 -Asn 225 (insertion 1) shows an average RMSD of 11.8 Å with the largest one 20.2 Å (Fig. 3) . Additionally, insertion 3 might go through a fast equilibrium perturbation in solution, creating possibilities for the binding of the tRNA substrate. The flexibility of these two regions is related to the transition from its apo state to the substrate-bound state, which is also exhibited by our crystal structures.
Conformational Changes of Insertion 3 Are Critical for
Aminoacylation-Two regions of insertion 3 make principal contacts with tRNA: Leu 511 -Val 513 and Leu 432 -Lys 436 (the hinged loops), which connect the ␤17-␤20 hairpin structure that runs across the variable region of tRNA (G43 and C44); and the Lys 447 -Lys 456 helix, which packs against the G19 -C56 base pair of tRNA elbow (Fig. 4A) . Specifically, Glu 429 side chain makes a hydrogen bond with the O 2 Ј atom of C44, and the phenyl ring of Tyr 512 stacks onto the backbone phosphate of G43 (Fig. 4B) . To study the importance of the structural reorganization to enzyme functions, we introduced a series of mutations and assessed the contribution of individual residues or motifs in insertion 3 to aminoacylation through activity assays. To measure activities, we chose two time points (2 and 5 min) in which the initial velocities of WT fall into the linear range. We first deleted the entire insertion 3, and the deletion remarkably reduced its activity to less than 1% of WT activity. This result suggests that insertion 3 greatly influences tRNA binding ability of the enzyme. As the reference, the activity of the C157R single mutant is 62% of WT (Fig. 4C ), whereas the E71G/C157R double mutant is only 20%. We are currently not clear about the cause of the particularly low activity of the double mutant. We next tested the deletion of the Leu 432 -Lys 436 fragment, which totally abolished enzymatic activity. We also created the V441P mutant to prevent the full opening of insertion 3 by introducing a proline residue (backbone restrictions to break the ␤-strand pattern), and this mutation reduced the activity by 47%. Moreover, the Lys 447 -Lys 456 helical region is rich in basic residues and forms a positive patch to interact with the elbow region of tRNA: the NZ atom of Lys 447 may form a salt bridge with U20 phosphate oxygen; the carbonyl oxygens of Gly 451 and Lys 455 form a total of three hydrogen bonds with the base and the sugar ring of C56 (Fig. 4D) . The deletion of the Lys 447 -Lys 456 helix greatly impaired aminoacylation, and only 61% activity was left. Because the interactions at this region are mainly nonspecific and two glycine residues, Gly 448 and Gly 451 , are probably the prerequisite for the structural complementarity, we mutated Gly 451 to a valine to increase the hindrance with tRNA, and the mutant only retained 40% of the activity of WT. A prominent feature of insertion 3 is the formation of two extended antiparallel ␤-strands and forms the core structure of this domain. We introduced a proline substitution of Val 513 on the hinged loop, which leaves the enzyme only with 22% activity.
Consequently, the conformational changes induced by tRNA binding are absolutely important to enzyme functions, and judging from the cocrystal structure, the loss of activity most likely results from the loss of tRNA binding affinity. To evaluate the substrate binding ability of each mutant, we carried out the EMSA assay. As shown in Fig. 4E , WTFL was able to form an enzyme-tRNA complex, as indicated by the slower moving band at the concentration of 1 M hGlyRS, and the complex became the predominant species at 4 M. The K d value is determined to be 7.79 Ϯ 1.83 M for the WTFL enzyme. By contrast, the binding affinities of G451V and Del 447-456 were strongly impaired (84 and 48 M, respectively), whereas the complex formation for Del Ins3 and Del 432-436 were virtually undetectable. The K d values for other mutants range from 11 to 64 M (Fig. 4E) , mostly in good agreement with our aminoacylation results.
To rule out the possibility that the mutations might affect the formation of the adenylate intermediate, we performed the PPiexchange assay. As shown in Fig. 5 , the PPi-exchange assays indicated that most point mutations or deletions did not affect the formation of the adenylate intermediate significantly, and their PPi exchange activities were on a similar level to that of WTSF. As a negative control, the deletion of insertion 1 greatly reduced the exchange rate, which was consistent with the notion that insertion 1 plays a critical role in the binding of glycine.
In our cocrystal structure, insertion 3 acts like a switch and makes large movements to accommodate the crossly bound tRNA molecule. We wonder what will happen if we restrain the movements of insertion 3. In the E71GFL structure, insertion 3 folds back to the catalytic domain and interacts with ␣13. The domain also contains two long loops (Lys 430 -Ser 446 and Leu 497 -Glu 514 ), but each loop is missing a short polypeptide (Pro 435 -Val 441 and Thr 510 -Tyr 512 ) (Fig. 6A) . Additionally, Cys 468 from insertion 3 is close to Arg 420 on ␣13, and they may interact to "tie" the two domains together (Fig. 6B ). To explore this possibility, we introduced cysteine mutations on relevant residues and tested their activities. The R420C mutant displays less than 1.2% activity of WT upon oxidation, whereas the following reduction restores its activity to 79.7% of WT, suggesting the participation of R420C in the disulfide bond on oxidation ( Fig. 6C) . As a reference, the activity of WT is not severely affected, with only a 1.43-fold difference before and after the reduction treatment (the activity "gain" suggests that oxidation is already underway during the enzyme purification process). To rule out the possibility of other disulfide bridge formations with Cys 417 or Cys 471 , we further mutated these two residues to an alanine, and the same trend still holds for the mutants R420C/C417A, R420C/C471A, and R420C/C417A/C471A. However, once Cys 468 was changed to an alanine, the single mutant C468A or the quadruple mutant R420C/C417A/ C471A/C468A behaves like WT, supporting our theory of the inability to form the disulfide bridge between C468A and R420C. We also tested the double mutant C417A/C471A as FIGURE 4 . The enzyme-tRNA interactions in the quaternary complex and the activity assays. A, interactions of insertion 3 and crossly bound tRNA Gly , where tRNA is colored gray, and insertion 3 is colored red. The important residues that form contacts are shown in stick representation, and the elbowcontacting helix Lys 447 -Lys 456 is colored yellow. The detailed enzyme-tRNA interactions in the quaternary complex. B, the contacts between the tRNA variable region and residues from the hinged loops in insertion 3. C, glycylation assays for mutants of residues involved in critical tRNA recognition. E71G/C157R represents the E71G/C157RSF double mutant, and all other mutants are in the short form (no WHEP-TRS domain). Two sets of data are shown, representing the measurements at 2-(blue) and 5-min time points (red) respectively. The activity of WT hGlyRS at the 5-min time point is regarded as 100%, and the readings at time 0 of the variants are used as blanks. The activity of each mutant is compared with WT in terms of percentages, and the error bars were calculated from two measurements. D, the shape complementation between the elbow region of tRNA and the ␣14 helix in insertion 3. Possible interactions are indicated by the red lines, and distances over 3.6 Å are indicated by the numbers. E, EMSA between GlyRS mutants and tRNA Gly . ND, not determined. The another control experiment and excluded their involvement in the disulfide bond as well. These data collectively pinpoint the disulfide formation between Cys 468 and R420C, which underscores the significance of conformational opening of insertion 3 during the binding of tRNA substrate. On the other hand, restraints on the structural rearrangements greatly diminish glycylation activity.
Discussion
Roles of Insertions 1 and 3 in hGlyRS Catalysis-hGlyRS is a multidomain enzyme, and conformational changes during aminoacylation appear to be an inherent part of its catalytic cycle. In all the previously solved structures of GlyRS and mutants in various crystal forms (with or without substrates), insertion 3 is invisible, indicating the high flexibility of this eukaryote-specific domain. Additionally, we have solved the structures of the tRNA-bound complexes. In both structures, insertion 3 is barely resolved either, visible only up to Val 441 or beyond Phe 507 . Based on the partial ␤-hairpin structure of insertion 3 and the position of tRNA, we proposed that the role of this insertion domain is responsible for tRNA binding (37) . In this work, we successfully captured the electron density of this domain because of crystal lattice packing using two CMT mutations. Structure analysis reveals that crystal packing is probably responsible for the ordering of insertion 3, where residues Lys 455 -Lys 456 interact with Asp 545Ј -Glu 546Ј in the tRNA-bound complex (Fig. 7A ) (prime symbols indicate that the residues are from symmetry-related molecules). Likewise, in the apoenzyme structure, the insertion 3 domains from two different GlyRS molecules are likely tethered together by the Ser 304 -Thr 437Ј hydrogen bond, and the Glu 514 -Lys 436Ј salt bridge (Fig. 7B ). Each of these two structures is a snapshot of the chemical reaction and represents an important state along the catalytic pathway. More importantly, by structure comparison, we discovered large conformational changes induced by tRNA binding. Additionally, structure overlay shows that the displacement of insertion 3 allows tRNA to fit in the "grip" of the hand-shaped enzyme. According to the structure features of this domain, we now redefine the domain as Ala 428 -Val 516 . In the apoenzyme structure, insertion 3 becomes ordered by folding back onto the catalytic domain and interacts with ␣13. In the closed conformation, the fingers touch and make contact with the palm. During glycylation, this domain opens up and provides the crosssubunit support for the tRNA molecule through backbone interactions. In the open conformation, part of the fingers domain acts like a "belt," and the long strands restrain the orientation of tRNA (Fig. 4B) . The general fold of insertion 3 present in the two structures is largely preserved, suggesting that the structure is authentic. However, the crystal structures provide only static snapshots of a dynamic process, we therefore carried out MD simulations, as well as activity assays on the enzyme to explore possible dynamics. The MD results also indicate large thermal motions of the two domains of the apoen-FIGURE 6. Impacts of insertion 3 restraints on enzyme activities. A, secondary structure of insertion 3 in E71GFL. The major structural elements are labeled above the sequence, whereas residues of interests are designated by red dots below. B, the close-up view of insertion 3 in E71GFL and the structural elements are labeled. Several cysteine residues are shown, and their importance is tested as described below. Cys 468 is located on a loop between ␣15 and ␣16, whereas Arg 420 is on ␣13. C, activity tests of the cysteine mutants. O indicates oxidation with 1 mM oxidized glutathione 1 h at 4°C; R indicates oxidation with 1 mM oxidized glutathione for 1 h at 4°C followed by 10 mM DTT reduction for overnight at 4°C. Two time points were used, and the data were processed as in C. zyme, which are consistent with the crystal structures. Taken together, the data suggest that large conformational changes of insertion 3 are an intrinsic part of the aminoacylation reaction and not of crystallization artifacts.
The large conformational changes experienced by both the enzyme and tRNA are entropically unfavorable. However, the entropic costs of the structure reorganization are compensated by the enthalpy gains accompanying with the stripping of the surface water molecules and also favorable energetic interactions in the tRNA-bound state. In this process, two hinged loops that connect insertion 3 to the catalytic domain play key roles. To test their importance, we systematically introduced point mutations or deletions in various segments that would reduce the flexibility and conducted rigorous activity analyses. These assays proved that the flexibility of insertion 3 is absolutely critical to enzyme activities. Insertion 1 is another unstructured region in the structures of hGlyRS-tRNA complexes and is only visible in the apoenzyme (17, 37) . Hence the binding of tRNA induces the changes of insertion 1 from a tightly packed domain to a loosely packed structure for tRNA minor groove interactions. The MD studies indicate an even larger flexibility for this domain. Activity assays showed that this domain is indispensable, which may be attributed to its role in binding of small substrates (37) . This is probably the reason why it is a conserved domain in all GlyRSs. In contrast, insertion 3 is a eukaryote-specific addition, and it is important to tRNA binding. We searched both domains in the Protein Data Bank for their homologs but did not obtain any hits with significant structural resemblance. Therefore, the origin of neither domain is clear from a structural point view. A hypothesis on the functions of the two domains is that hGlyRS may employ these two domains to regulate the binding of small substrates and tRNA, respectively, and each insertion serves as an important switch for substrate binding. If this hypothesis were true, how GlyRSs in lower organisms efficiently bind to tRNA and why eukaryotic GlyRSs acquired these domains remain to be investigated.
Connections to CMT-Four CMT-causing residues fall into the insertion regions of hGlyRS: Ser 211 , Cys 157 , and Asp 146 in insertion 1 and Asp 500 in insertion 3. To our knowledge, Asp 500 has not been resolved in the past, and this is the first time it becomes visible. Additionally, the positions of the first three in the presence of tRNA remained undetermined until now. All three residues have relatively large movements upon tRNA binding and have high B-factors (Cys 157 is an arginine in the complex form). Interestingly, the corresponding CMT mutations D146N, C157R, and D500N all gain a positive charge. However, from the structure, none of them is likely to be directly involved in tRNA binding (C157R is ϳ7.5 Å from tRNA). It therefore remains to be seen whether the mutations have long range effects to the binding ability of tRNA.
Mutations in tyrosyl-, methionyl-, alanyl-, and lysyl-tRNA synthetases have been reported to be the causes of CMTDIC (Charcot-Marie-Tooth disease dominant intermediate type C), CMT2, CMT2N (Charcot-Marie-Tooth disease type 2N), and CMT RIB (Charcot-Marie-Tooth disease recessive intermediate type B), respectively (56 -59) , suggesting a role of protein synthesizing machinery in the neurodegeneration process. Both mutants that we study in this work display abnormal aminoacylation activities. aaRS mutations like these may lead to altered kinetics/thermodynamics, even though some mutants may retain activities comparable with that of WT. These mutations may also change the physical or chemical properties of aaRSs and impact their abilities to execute their functions, clas-FIGURE 7. Two crystal-packing patterns. A, the crystal-packing pattern in E71GFL crystal structure, which is mainly maintained by charged interactions. B, the crystal-packing pattern in E71G/C157RSF-tRNA Gly -AMPPNP structure. Only the protein molecules are drawn for clarity. The red lines indicate possible interactions. sical or noncanonical. Systematic investigation of disease-associated mutations in aaRSs is needed to ascertain their structural and functional characteristics potentially causing unusual binding (for example, protein-protein interactions) or aminoacylation behaviors. A recent case in point is that human SerRS has been demonstrated to bind to the promoter of vascular endothelial growth factor A to carry out its angiogenic functions (60) . Such studies may offer a new perspective on the relevant causes of CMT.
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